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Abstract: The objective of this paper is to discuss the replication of passenger congestion (overcrowding)
effects on output path choices in public transport assignment models. Based on a comprehensive literatut
review, the impact of passenger overcrowding effeass summarised in 3 main categories: the inclusion of
physical capacity constraints (limits); the feedback effect between transport demand and supply performance
and the feedback effect on travel cost (discomfort penalty). Further on, sample caseastugiesented,

which prove that the inclusion of capacity constraints might significantly influence the assignment output and

overal/l resul ts i n publiiyet moststatefsthepractice gssigomertcbdel® a
would either miss oreglect these overcrowdirigduced phenomena.
Inaclassical4st ep demand model, their i mpact on passen

(route) choice stage, while in reality they also haveré&aching implications for modal choicagmporal
choices and longerm demand adaptation processes. This notion has been investigated in numerous researc!
works, leading to different assignment approaches to account for impact of public transport capacity
constraints’ a simplified, implicit appach (implemented in macroscofiiased models, e.g. PTV VISUM),

and a more complex, explicit approach (incorporated in mesost@sed models, e.g. BusMezzo). In the
simulation part of this paper, sample tests performed on a stalk network aim to pride a general
comparison between these two approaches and arising differences in the assignment output. The implic
approach reveals some differences in assignment output once network capacity constraints are accounted f
i though in a simplified manneand producing somewhat ambiguous output (e.g. in higher congestion
scenarios). The explicit approach provides a more accurate representation of overcrawellingd
phenomena especially the evolving demasdpply interactions in the event of arisingngestion in the

public transport network. Further studies should involve tests on-@céle, multimodal transport model, as

well as empirical model validationn order to fully assess the effectiveness of these distinct assignment
approaches.

Highlights:
- The paper discusses the inclusion of overcrowding effects on path choices in public transport
assignment models

- These can be grouped into 3 main categories: physical constraints, desmaplgt feedback and path
discomfort cost

- Sample case stugh show that their inclusion may substantially affect the assignment output
- Two general methods of modelling capacity constraints are: the implicit and explicit approach

- Anillustrative example shows that both approaches produce different output wikplicé ene being
more specific and adequate

Key words: public transport assignment, passenger congestion, overcrowding, crowding discomfort, path
choice, public transport capacity
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1. Introduction associated (dis)comfort aspects which might
Path choice (or route choice) process comprises actually as o have a notable eff
crucial step within every single transport assignmenwutput choices, especially when considering various
model (Fig. 1). Theath (route) choice algorithm is public transport modes with distinct capacity rates
most commonly described by means of thei.e. mass transit (underground, urban rail) vs. feeder
probabilistic, discrete choice model and the randonlight rail) systems, or conventional (bus, tram) vs.
utility theory (Cascetta, 2001). The bottom line is unconventional modes (monorail) (Drabicki et al.,
that the probability of choosing a given@path is  2016).
related to the coattility formula, which reflects the The implications of network capacity constraints
relative (dis)utility associated with travelling along (limits) are more investigated in case of private
that path, among all the alternative-DDpaths t r ansport assignment (toc
(routes). The path cost formula comprises thethey are typically included in form of the volume
following trip components: perceived travel times delayfunction (VDF). The VDF function describes
(i.e. invehicle, waiting,walking times), monetary the effects of increasing travel times as a result of
costs (fares), transfer penalties and temporal utilitiesising traffic flows (volumes)i i.e. a norlinear
of earlier (or later) @ connections which are travel time penalty which increases sharply once
described in relative (weighted) terms, reflecting thetraffic volume approaches the saturation flow rate
user perceptions of disutility associated with (i.e. the assumed road capacity limit). However,
particular trip stages(e.g. increased disutility whereas the VDF functions are commonly available
associated with waiting and walking times). This and widely applied to replicate the capacity limits in
path cost evaluation algorithm forms a key modernday private transport (PrT) assignment
component within the classicatstage assignment models (Branston, 1976), the incorporation of
modelling framework, where it is applicable at the capacity constraits effects in public transport (PuT)
modal split stagé i.e., used toeluate the choice assignment models remaiiisto the best of our
probability between the public and private transportknowledgei much less examined and advanced,
modes (Szarata, 2014)and eventually at the trip usually limited to individual case studies and
assignment stagei.e., used to compute the choice modelling developments; in practical approach, the
probability of feasible network paths (routes, linesimplications of capacity catraints on passenger
etc.). path choices are often neglected in stdtéhe
practice modelling algorithms.

ROUTE (PATH) The objective of this paper is to contribute to the on
CHOICE: going research discussion on replicating the
g R overcrowding effects in public transport assignment

- models. The literature review part of this paper will

/] R\ W outline the main aspects of their impact on passenger

fl v path choices (which should be accounted for in

skim metwork simulation models) and present sample results from

results loads
T g

__ practical transportation studies. Further on, the
simulation works on a smaficale network will
reveal the arising differences in assignment output
between the two common modelling approaches to
ublic transport capacity constraints. Our aim is that
Re observations and conclusions from this study
would illustrate the possibility of reproducing the

Fig. 1 Path (rou¢) choice process in thesfage
assignment model (source: HaR013)

In a summary, this means that the passenger choic
in public transport networks are principally a

function of journey times and service frequendies overcrowding effects in these two main modelling

:}ﬁbg?éﬂtfaggézrgm;h ?Ore trﬁgurgzgtsl)ér?;:rmzirTg;élgorithms, provide indications for their application
(Rudnick, 1999). However, a major factor which is on biggerscale transport modélsand together with

. y - . a summary of the stataf-the-art in public transport
either missing or not properly exploited in most y P n

) - congestion modelling, it would also point out fields
stateof-the-practice assignment models, concerns J 9 P

. . . - ) for future improvement works.
the inclusion of line (service) capacity, as well as the P
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The remainder of this paper is organised in apossible, they usually include only some of the
following way: section 2 focuses on literature overcrowding effects. Consequently, they often do
review regarding the incorporation of public not yield completely realistic results and are likely
transport network capacity constr@nand their to underestimate the arising phenomena of
impact on output passenger path choices. Section fassenger overcrowding.

highlights the importance of proper appraisal ofln a general overview, the effects of passenger
public transport capacity constraints effects inovercrowding on output path choice decisidns
assignment models, presenting results from samplevhich should be accounted for in a model observing
case studies, where capacity constraintewaken the public transport capacity constraintscan e
into account and led to substantially different projectsummarised into three main categories, as listed
assessment indicators. Section 4 presents twbelow and elaborated in subsequent sections:
distinct modelling algorithms of public transport - physical capacity limits (constraints),

networks, where the influence of capacity - feedback effect on service performance,
constraints can be described in 2 various approaches.feedback effect on passenger (dis)comfort.

These are followed by practical simulations on

sample networks in section 5, where both modelling2.1. Passenger congestion effects in agsment
approaches lead to different network performance, = modeli impact of physical capacity limits

and consequentlyi distinct simulation output. The first category of public transport congestion
Finally, section 6 provides the summary andeffects concerns the direct impact physical

conclusions for drther research works, and capacity constraints i i.e., the maximum
indications for future applications on bigger, eity permissible flow volume of passengers which can be
scale public transport assignment models. carried by the cmponents of public transport
network within a specified time period. The major
2. Literature review factor determining the physical capacity limits is the
Substantial amount of research works in recent yearpassenger load capacity of public transport vehicles
has been devoted to the notion of public transpor{ t he max . no. of pbaocsasredndg)e
congestion, or more precisely the passenger and the arising wpuing phenomena at stops or
overcrowding: 1i.e., t heplafansi while (@dntfleeandt Noekel, R@L5)mlaos s e

travelling strategies, user preferences, implicetio suggest that in some cases the finite capacity limits
for the transport system performance, the issues obf stops (platforms) themselvés i.e. the space
service optimisation ete.with an ultimate goal of limitations 7 are also of relevant importance. In
the inclusion of these (often mutually dependent)recent literature worksthe impact of physical
effects in assignment models. However, thoughcapacity limits in public transport assignment has
these statef-the-art assignment models aim to been typically modelled in 2 following ways: by
replicate the impact of passenger overcrowding onmeans of the (soalled) implicit or explicit
path choice decision models in a most plausible wayapproaches.

SBB

— Linear

path cost penalty mark-up multiplier Wy

Vol/Cap ratio

Fig. 2. Crowding (markup) cost discomfort functions, available in the implicit approachehasn (PTV
VISUM Manual, 2016))




Arkadiusz Drabicki Rafag Kucharski, Andr zej Szar at a
Model ling the public transport caipaest§ const

The implicit approach to capacity constraints upper bound limit of the crowding cost penalty rate
follows the VDFbased method used as a default ini beyond which it converges towards a fixed glgn
most private transport assignment models torate (typically, this would occur once theush
represent the congestion effects (described earliercapacitylimit has been reached).

The passenger flow capacity of network links is notThis forms a simplified method of representing the
strictly bounded by a fixed linvalue, but is instead effects of passenger congestion in public transport
defined with a nordecreasing, volumdependent assignment, which is usually applied within
link cost function (Fig. 2). Typically, the function macroscopic modelsand available in common
imposes an additional cost penalty above a certaitransport modelling tools (e.g. (PTV VISUM
threshold (e.g. the assumed seat capacity), whicManual, 2016)). As shown below on sample case
reflects the rising crowdindiscomfort. Further on, studies, this assignment method enables to replicate
as passenger volume tends towards the capacityome effects on passenger overcrowding on route
limit, the socalled crush capacity the increase in  choices and modal shifts, yet it comprisesather
cost penalty becomes ndinear and very sharp. simplified approach (e.g. by imposing a uniform
Once the passenger flow exceeds the nominal lineost both for travellers ehoard and those waiting
capacity (i.e. calculated with respt to the crush at the stops), missing the important, evolving
capacity of operating vehicles), travellers are notcongestion phenomena in public transport system.
explicitly prohibited from using the service (vehicle The explicit approach to capacity constraints
run), but travel cost should have now risen socompgises a more specific (and thus more reliable)
severely, that any additional passengers should beepresentation of public transport supply and its
fidi scour agedo ifie,canimplicd a rinteractigns with travel demand. Though it has not
capacity limit is imposed upon that particular servicebeen applied yet on a wider scalbeing developed
(vehicle run). Analogous to the capaetfynstrained  mostly in individual algorithms (e.g. the BusMezzo
traffic assignment model, the assignment isalgoithm (Cats, 2011)) and case study applications
calculated in an iterative procedure: in each- its implementation has been hitherto possible in
consecutive simulation run, the output dem  mesoscopic and microscopic assignment models. A
fl ows (i.e. travel | er s dmore Hetailed rmosliellingdramework impliescthatcther r e
on network parameters (i.e. travelling conditions)travel demand is represented by individual agents
calculated in preceding simulation run. The (passengs) progressing through the network,
assignment procedure gradually converges towards/hereas travel supply is represented by individual
a stable solution, and the final output (passengewehicles (runs) defined with strict capacity limits,
flows, line loads and travel costs) is obtained oncecorresponding to the crush capacity values.
an equilibrium state is achieved. Travellers arriving at the platform (stop) board the
Typically, the path cost penalty in implicit approach incoming vehicle uns according to their residual
(as e.g. in PTV VISUM model) is described either (available) capacity. If boarding volume exceeds the
as a linear function of the volurte-capacity ratio, residual vehicle capacity, the remaining passengers
or utilises a mee nuanced, nefinear correlation as are explicitly denied the boarding and have to wait
e.g. assumed by the DB and SBB functions (fig. 2)for next vehicle departuréghus, important queuing

T with the latter solution being perhaps more phenomena aé at the platforms (stops). The
appropriate, as it allows to account for the non queuing discipline at stops can be commonly
uniform increase rate in crowding discomfort. The reproduced in a number of ways, notably including
two nortlinear crowdingcost functions used in the the following two (Gentile and Noekel, 2016):

PTV VISUM model are analogous to the approaches t h e FI'FO principlé&:an Afir
used in rail demand modelling in the German organised queuing process, consgtiof the

railway systeni the DB function(Deutsche Bahn undersaturation queue (those who will board the
and the Swiss railway systemthe SBB function nearest vehicle run) and oversaturation queue
(Schweizerische Bundesbahperin thee two (those delayed and #Afor ce

functions the path cost penalty due to passenger vehicle runs),
overcrowding is in general exponentially correlated- the secalled mingling processno priority rules
with the rising volumeo-capacity ratio, with an are in place, and passengers jointhg residual
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gueue have roughly the same boarding probabilityThis important phe 0 me n o n , Areinfol
as others waiting at the platform. arising passenger overcrowding, can only be
The resultant faito-board probability, which replicated if the modelling framework allows to
becomes significant as passenger congestion risedescribe the impact of demand flows on vehicle
has wider implications on the ensuing passengedwell timesi which is in practice often neglected
path choicegNuzzolo et al., 2012). Travellers who especially in macroscopic assignmeaigorithms.
had to skip previous vehicle runs perceive additionalThe boarding and alighting processes are strictly
disutility due to the boarding failuiiei.e. the arising  related to passenger flow vector, which depends on
waiting cost is perceived as relatively more vehicle exchange capacity, and the assumed

burdensome. Consequently, they may take @&idwel | i ng routineodo (i.e.
rerouting decisiomnd consider other, less attractive boarding and alighting). Based on a wide ranfe
O-D travel routes (paths). literature sources (summarised by (Tirachini et al.,

2013), (Gentile and Noekel, 2016)), it can be

2.2. Passenger congestion effects in assignment concluded that there is a roughly linear correlation

modelTi feedback on service performance between the dwell times and number of alighting
The second type of passenger overcrowding effectgpoarding) passengers the values fall usually
resultant from the inclusion of public transport within the range of 2 secs/pass, though these are
capacity limits, concerns the feedback interaction likely to increase even further (up to 6 secs/pass and
between the transport supply (service regularity antheyond) in overcrowded conditions. (Gentile and
dwel |l times) and tr an sNoekel! 2018)eproziteda detsileds raathentatical s 0
decisions and resultant volume flows) performance framework for describing the impact of dwelling
A principal reason underlying this interaction is thatflows on mea and, crucially, variance values of
the dwdl -time of a public transport service trip is an dwell times and service headwalys.e. the main
increasing function of boarding and alightingfit ri gger ¢ behind this fe:
passenger volumes. In a summary, the feedbacknportantly, these timelependent service variations
effect demonstrates itself in the following manner: may initially occur at individual stops or line
changes in passenger flows cause fluctuations igections, but wil likely become amplified and
dwelling times at stops, which will conversely propagate further downstream in the network.
induce variations in service operating times andThe feedback loop between transport demand and
headway deviations. In turn, as vehicle arrivals (andransport supply performance is probably best
departures) become irregular, passenger demand ifanifested in a weknown phenomenon, which
now unevenly distributed among the individual runsoccurs in pblic transport networks during
i and further on,he feedback effect is amplified. congested conditions i.e. the secalled bus
This impedes the service regularity and reliability bunching effect (Fig. 3); its other denominations
which is undesirable both for passengers (increasingnentioned in literature sources are: bus platooning,
travel times and crowding levels) as well as forclumping, pairing, the banana bus, the Bangkok
operators (uneven utilisation of service supply). effect (MoreiraMatias et al. 2012).

DISTANCE §4
ALONG ROUTE f actual headway f
nominal headway .
StoP 3 g pairi.ng
(BUNCHING)

Stop 2 6 DWELL TIME

5 - 4

; more pax. /fewer pax.

Departure « >

point dep. 1 dep. 2 dep. 3 dep. 4 TIME

Fig. 3. Bus bunching effect, plotted on the spdicee diagram (source: Attanucci, 2010)
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The bus bunching effect can be explained intuitivelyeffect (which could then develop in a substantially

on a spacéime diagram (Attanucci, 2010), under distinct degree). (Gentile and Noekel, 2015) propose

the simple assumption oftonstant (Poissen a bus bunching coefficient variable, defined as a
distribution based) passenger arrival process atunction of service headway between 2 consecutive
stops, as follows: a certain vehicle run which arrivesvehicle runs. The coefficient can be used as a basic
later than scheduled at the stop has to pick up aeasure of arising bus bunching effect in the
higher than average number of waiting passengersietwork, being calculated as the ratio of actual
Dwelling time takes longer tharxgected and once service headway (i.e. one resulting from fluctuations
ready to depart, the vehicle is now delayed everin dwel times) to the nominal scheduled headway
further (relative to its nominal timetable). The samethe higher the headway deviation rate, the bigger the
pattern will hold at the next downstream stop, whereon-going bunching effect. An analogous formula
overcrowding conditions will likely become worse, can be used to estimate the bunching coefficient at a

the service delay will rise furén, and so on. In downstream stop, resulting from current upstream
contrast, the next (following) vehicle run has lessserviceconditions and passenger dwelling flows.

waiting passengers to pick up, dwells shorter at theAdditionally, research sources mention that the bus
stop, and as a result, will run ahead of schedule. Thbunching effect is not only related to the demand
relative headway between these 2 consecutive runsupply interactions at the stops, but may also be

will likely decrease as thgyrogress downstream in induced (or amplified) by other factors, such as

the network, and the second vehicle run maygeneral traft characteristics, route design, road
eventually catch up with the vehicle ahead ofthe  conditions etc. Numerous analytical models have
stage where vehicl e r unteenbdevelopedewhith alldwltoydemonsiratehtbedt 6 ¢
paired together, at which the relative headway dropsmpact upon the output service regularity ((e.g.
down to zero. The bunching ghomenon leadsto ( BNk, 2010), ( Hoaithdwaverhiov et
substantial impairment in public transport servicethis paper we will écus primarily on the influence
regularity, since journey times become longer, theof passenger congestion and the consequent
waiting times are higher (due to uneven vehiclebunching phenomena.

spacing), and recurrently the average crowding

levels increase due to uneven passerigey a d 2@. Passenger congestion effects in assignment
distribution among the individual vehicle runs. modeli feedback on passenger discomfort

One of the objectives of research works was toThe third major type of public transport congestion
describe the main factors and critical conditionseffects concerns the arising discomfort cost and its
which induce the bus bunching effect. A commoni mp |l i cati ons for passenge
conclusion is that passenger demand (volume) hakvidence from passenger surveys seems to reinforce
profourd impact on service regularity, or more the fact that crowding (dis)comfort is among the
specifically, the resultant loading factor, defined asmg or f actors relevant to
the ratio of pass. arrival rate (at stop) to pass. loading . g . results from Transpo
rate (onboard). (Newell and Potts, 1964) developed monitoring of customer satisfaction (Barry, 2015)
(possibly) a first mathematical framework for indicate that travel comfort and crowding are rated
bunding effect, where they define this correlation as the (third and fourth) most important issues, right

by means of a critical bus bunching parameter. Itafter the journey time and personal safety. Although
describes transition from stable conditions to a self journey times still form the baseline and most
reinforcing bunching phenomenon state, at wliich decisive factor in path choice process, the travel

if sustained over a longer time periaithe buses wil  discomfort may also contribute its own mark

fall out of schedule even further. More advancedipenal tydo upon the travel
approaches emphasise the importance of passengétret r avel | er s6 comfort per c¢
arrival pattern, which need not be always uniformly reluctant if their public transport services are
distributed in time. For example, (Fonzone et al.,routinely congested. (Tirachini et al., 2013) mention
2015) demonstrate on the proposed algorithm thaa wide range of psychological, sensorial and social
various possible arrival patterns would require factors attributed to the overcrowding effects, such
different critical conditions to trigger the bunching as: risk perception of personal safety, anxiety and

12
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stress, possible ilhealth, propensity to arrive late at - discomfort cost as a function @énsity of standees
work, possible loss of productive time. (per square metre): perhaps a more relevant
Commonly, thecrowding discomfort factor is measure, since crowding discomfort becomes
included as an additional (madp) travel time much more acute once passenger load surpasses
multiplier in the general path cost formula. The the vehicle seat capagit and the estimated
relative (perceived) value of travel time components available space per passenger provides a better
increases as rising passenger numbers (flows)pi cture of the degree of
produce a crowding externality (cost), relative to standing travellers; here, the crowding magk
travelling in uncrowded conditions. The discomfort penalty ranges between 1.0.6 (for those seated)
penalty is describeéds a nordinear, VDFbased and 1.57 2.4 (for those standing), arapplies
function of volumeto-capacity ratio of a given already if density of standees rises from zero (pax.
travel alternative, which increases more sharply as per sq. m) (Whelan and Crockett, 2009).
crowding conditions deteriorate the generalised The exact values of crowding discomfort factor
crowding markup factor formula (Gentile and differ among literature sources, being dependent on
Noekel, 2015) is based on the saDF function as the methodology used, local context and user
used in the implicit approach to modelling the preference, as well as individual public transport
capacity constraints (described earlier). modes and trip characteristics (Tirachini et al.,
A recurring question in literature sources is how t02013). Literature review shows that crowding
measure precisely the dmard crowding levels, discomfort values are likely to be higher in case of
with two basic approaches considered (Tirackini rail systems and increase with trip length and
al., 2013): duration. The majdty of studies which aimed to
- discomfort cost as a function dbad factor provide an estimate of crowding discomfort costs on
(percentage  volumm-capacity ratio): a passenger sb choices -focu
simplified measure which can be related to thedistance urban trips (i.e. between the suburbs and
vehicle seat capacity, or in macroscopic approacltity centre) made with suburban or metro railways
T roughly to the generated line capadityet it  (Tirachini et al., 2013), (Kres et al., 2013), (Whelan
says vey little about the actual ehoard crowding and Crockett, 2009), as well as intercity rail trips
conditions themselves, which will vary depending (Lieberherr and Pritscher, 2012). A matady
on (among others) the vehicle interior commissioned for the UK Department of Transport
arrangement; studies estimate that as such th@Vhelan and Crockett, 2009) provides a

crowding cost i s fact icomprehendive valuatianof overoravdingtsoend t o r

between 607 90% onwards (Tirehini et al., the willingnessto-pay estimate for trips made in the
2013), (van Oort et al., 2015), British Rail systemi which are often used as a

guideline in transport practice (Fig. 4).

Table 4.2: Crowding Value of Time Multipliers

Load Factor Sit Stand pass/m? Sit Stand

80 1.00 1.50 0 1.00 1.53

100 1.08 1.50 1.0 1.11 1.62

120 1.23 1.67 2.0 1.21 1.70

140 1.38 1.85 3.0 1.32 1.79

160 1.53 2.02 4.0 1.42 1.87

180 1.68 2.20 5.0 1.53 1.96

200 1.83 2.37 6.0 1.63 2.04

Please note: The Load Factor and pass/m® (passengers per square meter) estimates vary by rolling stock type. The
rows in this table are therefore do not match across different crowding metrics.
Fig. 4. Time cost multiplier factor due to crowdir@cc. to the British Rail WTP metudy (souce: Whelan
and Crockett, 2009)
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The purpose of such modelling framework is t02013) and empirical surveys alike (London

reflect the crowding discomfort impact on a certain Assembly Report, 2009a) confirm that crangl

share of travellers who would adfutheir travel discomfort is of limited significance for commuter

patterns, so as to avoid the worst overcrowding(obligatory) journeys but might have substantial

circumstances- and utilise other € travel implications for leisure (ncwobligatory) journeys.

alternatives. This should replicate the lelegm In former case, the necessity to arrive at destination

adaptation process in travelling strategies, aontime means that commuter travellers sbkign

repeated experience of overcrowding will impaet th much higher (relative) weight to travel times than

3 important aspects: ontboard conditions, or as given by a cited London

- path (route) choice: travellers will be less likelytoc o mmut er (London Asseumbl y
use notoriously overcrowded services and wouldj u s t have to use the Tube
seek other, perhaps less attractive, public transpothere is no option. Well, there is an optionitjus d o n 6 t
connections; in the modelling approach, thiscouldg o t o wor k but t hadt.6sThneot
imply a demand shift towes services with higher same report examines the ways in which commuters
spare capacity (e.g. mass transit systems), or lesadapt to the frequently experienced travel
popular public transport connections (e.g. a trade conditions: around 66% of London rail commuters
off in longer journey times combined with less adjusted their departure times (e.g. chose earlier
crowded travel conditions), connecions), and for one of the rail services ca. 20%

- mode choice: as a consequence of routineof travellers would travel in the opposite direction
overcrowdingpublic transport service would lose first, just to have a higher chance of getting a seat at
on their relative attractiveness, and travellersan upstream station. On the other hand, crowding
would likely revert to using private cars; for short seems to have much more suppressive impact on the
range trips, possibly an increase in walking (ornorobligatory trip motivations. The majority of
cycling) trips could be observed, leisure travellers do avoid travelling on London

- departure time choice: perhaps thmost Underground during rush hours, and 25% of them
significant impact of passenger congestion onchange the time of travel during the day due to
travel choices- in the dayto-day adaptation anticipated crowding. Additionally,
process travellers will seek to avoid the time sociodemographic factorshémselves might be
periods of peak congestion, and would utilise therelevant as well: (Kim et al., 2009) indicate that
same GD travel route but at legsopular travel speci fic user groups expo
times; the @parturetime updating process would rates to crowding e.g. elderly people are likely to
imply a higher passenger volume migration sacrifice the extra travel time in favour of more
especially towards earlier departure runs. comfortable trip conditions.

This adaptability phenomenon of passengerso6 path

choice strategies in response to crowding discomfor8. Appraisal of public transport capacity i

can be incorporated in the molited) framework by sample case studies

means of a conventional, iterative user equilibriumIncorporation of passenger overcrowding effects on

approach (in a simplified manner), or more reliably public transport system has been shown in a number

I by employing a dayo-day learning mechanism of (both academic and practical) case studies to

(Nuzzolo et al., 2012). In the latter case, travellersinfluence the overall projected network usag

consider on day t the anticipdtattribute values of performance results and assessment indicdtors

path cost components, which are a weighted averaggelding distinct results when compared to the

of experienced and anticipated attribute valuesormanal ysi s fAinsensitiveodo to

day t17 thus, the path choice model is recurrently (Batarce et al., 2015) point out interestingly that

updated based on user s O6(passenyer)ccongestioroimmibli@tramspott plays an  p 1

experience: anabgous role to (traffic) congestion in private

The extent towhich the overcrowding experience transport (Fig. 5): investment in public transport

i mpact s t he passenger sytemscirtredse both theimtiahsportatiani cdphceyr

profoundly, depending on the trip purpose and relative attractiveness, which spurs passenger

(motivation). Literature sources (Tirachini et al., demand growth. However, in longer run this induces

14
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increase in travelling discomfort due to arising cost formula, which reflected first an increasing
crowding, and the (finite) capacity of public discomfort penalty due to rising droard crowding
transport supply itself may eventually become (within the range of 1.0 1.7), and after reaching the
outstripped by the ever increasing passengeassumedrush capacityit surged rapidly p to the
demand. In the end, this implies that further constantvalue of 10.0. The method revealed a higher
improvements in public tranept systems are patronage rate of the tramway systéim the
necessary- the ramifications of this feedback passenger gains could be attributed both to its higher
correlation may only be captured if public transportnominal capacity limit as well as better-board
capacity constraints are taken into account,comfort level, when compared to the existings
neglecting it would produce erroneous results insystem. Importantly, a reduction in service
terms of public transport system effectivenassl  frequency need not necessarily imply a decline in
capability. passenger numbers, as envisaged by uncongested
Both implicit and explicit approaches to modelling model. Inclusion of another principal factbri.e.

the capacity constraints have been utilised in samplécreasing service capacity (provided by tramway
case studies to demonstrate the arising differences isystem)i mitigated these losses and even projected
public transport assignment output betweena slightly higher demand flow along the proposed
congested vs. uncongested casesa iecent case tram line.

study for The Hague city (van Oort et al., 2015), anAnother case study in the city of Stockholm (Cats et
implicit, VDF-based approach revealed differencesal., 2015) utilised a more specific, explicit approach

i n passenger fl owso d with tndividballytmodelfed vehielés amlavellerst h e
proposed tram line and the existing bus route alongagents) to assess the projected performance of a
the same transport corridor (Fig. 6). A okter new metro line proposed along an existing, busy bus
crowding markup penalty was assigned to the pathcorridor.

PuT system ’ passenger
investments demand growth
PuT (PUBLIC TRANSPORT) —

OVERCROWDING 4 ¥
- LONG-TERM IMPACT: further improvements rising crowding
necessary... « and discomfort

Fig. 5. Public transport (PuT) congestion (overcrowding) longterm feedback impact which mayptnbe
captured with conventional assignment modstairce: Batarce et al., 2015)

3
7
P
_ . /
4 g =/
N s A “\; : \
- s ‘/'
\ W /‘/
> ) H
_("’ v/l
7
4 “"
y /’
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Fig. 6. Sample results of including the capacity constraints' and comfort effects in the implicit agproach
estimated relative effect on daily ridership after conversion of bus line 25 to tram line in The Hague
city (source: (van Oort et al., 2015))
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In the exising scenario, when the busy corridor is capacity may be not only quickly diminished (i.e.
served by 200 buses per hour (per direction), cail e a-ti p @ ) by passenger i nfl
40% of buses are routinely overcrowded, androutes (modes), but furthermoiethey might be
multiple denialof-boarding events can be observed. actually partially (or even totally) undone by the
In that case, the explicit approach captures theohenomenon of latent (induced) demand (Szarata,
deteriorations in sgice quality and travel times, in  2013). The city of London provides a good example
the form of the bus bunching effect caused by (andn terms of that narrative, illustrating how massive
correlated with) excessive demand floivee. the  investment programmes in transportation systems
very principal ramifications of the mutual demand can baely keep up with the ever growing demand
supply interactions. In contrast, a hew metro linepressure. A mulbillion improvement programme
with much higher gaacity would attract ca. 60% of currently underway across the London Tube
bus users, and despite smaller service frequency {underground rail) system is projected to increase
would still be less overcrowded and much morethe system capacity by approx. 30%, but analysis
resilient to service disruptions. The absoluteprepared for the busiegube line, the Northern Line
decrease in Hvehicle and waiting times is ca. 15%, (Fig. 7), shows already that by the time the works
but when weighted in relae (perceived) terms, the have been finishedthe crowding levels will be even
project would bring ca. 65% extra benefits, worse than before, virtually along each single
attributable to higher system capacity and reducedection of the line (Transport for London, 2013). A
discomfort travel cost. In such case, a dustefit  flagship Crossrailprgict (ca. Al17bn of
analysis based on uncongested static model wouldupposed to contribute 10% to the total urban
potentially miss a major sharégains coming from  transport network capacify a substantial nominal
public transport system improvements. gain in the city of 8m inhabitantsand become a

A study for the Swiss railway system (Lieberherr core part of the public transport system. Though it is
and Pritscher, 2012) developed an implicit, VDF widely expected to teve the existing Tube
based capacity restraint model, thecatled SBB  network, transport planners predict that once opened

crowding function (described in more detal ini n 2018 the Crossrail iwi
sulbsequent chapter), which has been nowwi t h peopledo (Drabicki.,
incorporated in the macroscopic PTV VISUM second Crossrail line is b

software. Application in pilot projects showed that the anticipated passengeongestion. Numerous
the capacityestraint assignment reduced the similar case studies can be found elsewhere in
overestimation (overload) rate of railway system biggest urban metropolitan areas across the world, in
usage (measured in sdah) by 30% - though the case of which the public transport systems are
assignment model would still yield somewhat particularly likely to become prone to massive
overestimated passenger flows, the obtained resulisgassenger congestion and induced denpaessure.
would be more plausible. Additionally, the SBB As mentioned earlier, impact of overcrowding on
crowding function revealed extra shifts from longterm passenger path choices also concerns the
intercity to regional train services during modal choices and departure time choices.
overcowded peak hours a minor share of (Tirachini et al., 2013) use statpdeference
travellers (ca. 3% of total @ flow) would switch  passenger survey data, girdépose a range of MNL
towards slower but lessowded trains. models to estimate demand choice models arising
Furthermore, researchers reckon that a more farfrom inclusion of crowding discomfort in travel cost
reaching distinction foreulaw éF@.n 8). fiTbie Hydeehased studyd
fistandi ngo cr owditimfluengee neaphasises ithats moldels insengtike to crowding
the assignment output. (Leurent, 2009) demonstrateiscomfort are likely to underestimate thalue of
that the predicted passenger load in Paris metrén-vehicle travel times savings and overestimate the
system is reduced by ca. 30%, when a congestedemand (model) share for high congestion levels
model additionally distinguishes between the seatedand vice versa for low congestion levels). An
and standing crowding disultility. important observation is that for suburban railway
Additionally, researchers (Small, 1999) indicate thattrips, the inclusion of repeated overcrowding
the benefits of improving the public transport systemexperience should produce a demand shift towards
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private transport, wi t hexpeariencewThe prgposéds famework shows tthato
increasing as a function of trip duration: an approx. 65% of commuters shift towards other
uncongested model would yield a constant modalearlier or later) vehicle runs to mitigate the risk of
share of a sample rail line at ca. 5%, whereas for @an-board congestion, leaving on avgeab minutes
congestedmodel the modal share would range earlier at the origii a fispi | | backo e
between 4 6% (travel time of 15 minutes) or ca. 3 observed in temporal demand distribution pattern:

i 8% (travel time of 40 minutes). In terms of individual vehicle run loads might now substantially
departure time updating process, (Nuzzolo et al.differ from their initial values once a congestion
2012) incorporate a dag-day learning mechanism induced adjustment takes place in pasnger s
in public transport asgnment model, so as to choice process.

emphasise the loAgrm implications of crowding
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Fig. 7. Sample results for the London Underground case study: despite massive investment programm
(NLU), capacity increases on the Northern Line will be quickly absorbed by induced passenger
demand growth (soae: Transport fotondon, 2013)
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Fig. 8. Sample results obtained with different crowding cost funclicrelation between the overcrowding
(discomfort) impact and the modal share of commuter rail systeorde: Tirachini et al., 2013)
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4. Assignment algorithms on the volumeo-capacity ratio of each link segment
In the practical part of this study, two public (importantlyi not individual line segments), until a
transport assignment algorithms will be tested on aertain conergence (equilibrium) threshold is
sample transport network, to observe how theyattainedi i.e. a fixedpoint problem solution after
replicate the effects of passenger overcrowding orwhich a final path utility (impedance) rate is
the evolving transport system pearftance and evaluated. The algorithm utilises a Vibased
travelling experience (mainly in terms of journey procedure analogous to the private transport
times and service loads). Each algorithm utilises acongested assignment model, ttwi3 crowding
distinct approach to modelling the capacity impedance functions available. For the purposes of
constraints of public transport systems, and assumethis study, the SBB (Swiss Railway) function was
a different modelling aggregation level botm o assumed as it should allow us to replicate the two
demand and supply sides, i.e.: tier effect of rising network overcrowding upon the
- implicit approach: timetablebased (i.e. path utility (impedance): for low voluerto-capacity
schedulebased), macroscopic assignment madel rates, the effects of rising passenger discomfort
as implemented in the commoniged PTV (crowding markup penalty within range of 1.0
VISUM software, 1.7), and a stemise jump in path impedance
- explicit approach: simulationbased (i.e. agent (constant crowding marlgp penalty of 10.0) once
based), mesoscopic assignmemtodel i as  passenger volume exceeds the assuroagh
incorporated in the currently developed BusMezzocapaciy (Fig. 9). This algorithm should reproduce,

software. in a simplifiedi i.e.implicit T approach, the effects
of capacity constraints on output passenger path
41.l mplicit capacity c ondhaicesa reductiond inadxaessivei (overestimated)

The timetablébased assignment model operates orpassenger volumes and increasing attractiveness of
a macroscopic level, reproducing travel demand inlesscrowded routed though without considering
form of aggregated link flows (within a ceiridime  the more specific, congesti@ssociated
period). The path choice model is a esfeprocess phenomena, particularly at the stops.

triggered at the origin, when traveller chooses a

complete GD path (route), based on its 42.Expl i cit capacity constr
(predetermined) utility valug and follows that The simulatiorbased assignment model assumes a
single path all the way to his (her) destination. Themore disaggregate representation both of transport
baline path utility formula is a sum of weighted demand i individual agents (travellers), and
(perceived) travel time components -(iehicle, transport supplyi individual vehicles (trips)
waiting, walking times), transfer penalties, and theoperating within the network. Here, the path utility
temporal utility of that @D connection. is recurrendy updated at each journey stage, when
Additionally, once a capacity restraint model is traveller may reconsider his (her) path (route) choice
introduced, a cnvding markup penalty(1 +Av)is  towards the destinatioi i.e. at each instance a
assigned to the total path utility. The crowding boarding, alighting or connection decision process is
penalty is recalculated in an iterative process, basettiggered.

Implicit capacity constraints in PTV VISUM algorithm: SBB discomfort function - PTV VISUM
10
[ PuT assignment stage | <
L X
connection search T El SBB parameters:
e =
Sk | CAPACITY RESTRICTION B ;_13-3
...... > Vol/Cap ratio impedance A, E . =100
s ‘ IMP, = (1 + Ay) » (PJT, + FARE; + ATy | =5 ](;rzs:gr—ugnd!y threshold rates:
connection choice T 2 2 2= l:ﬂg
> ]
‘.' v )
OUTPUT o0 05 1 15 2
PuT network loads Vol/Cap ratio

Fig. 9. Implicit capacity constraints' algtlim assumptions in simulations
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Likewise, the path utility formula comprises the very important @&mandsupply interactions(Fig.
same set of travel time components plus transfed0).

penalties, except for temporal utility of connection

which was not yet included in the algorithm. Since 5. Resultsi implicit and explicit approaches

the modelling algorithm operates on a more detailedSimulations presented below were performed on a
mesoscopic level, resultant passenger flows are asample public transport network, i.e. the extended
aggregate output of all the individual actions (pathv er si o n (ASF ENet o (Fonz
choice decisions) taken by agents (travellers)2014)) of the classical SpieBforian network
progresing through the network. Service supply is (Spiess and Florian, 1989). The extended SF ENet
modelled as individual trips (runs) served by publiclayout is assumed on a network topology formulated
transport vehicles, which are described with theirby (Fonzone, Schmoecker 2015) and comprises a
distinguished properties vehicle type, vehicle system of 7 bus stops (A to G) and 5 unidirectional
dynamics, and importantly specified maximum bus lines (L1 to L5), situated along 2 paralleDO
passenger lah capacity. Network performance is routes (Fig. 11). A single origidestination pair is
reproduced in a more stochastic maringre actual  assigned to the network. Travellers are allowed to
travel times depend on retine system conditions, transfer between bus lines at stops, and additionally
and a dweltime function is introduced to describe atwoway, 3minute walking connection is provided
the direct impact of dwelling (i.e. boarding and between the intermediate stops C and F. ®ehi
alighting) flowsonto dwell timeg in our case, we runs are dispatched from origin stops at fixed
will assume a linear dwetime function of 2 intervals (headways), and line run times between
secs/pass. The utilised modelling framework did notconsecutive stops remain constant. The crush
incorporate yet the impact of crowding discomfort capacity rate of each bus vehicle is assumed as 100
upon the path coattility formula; nonetheless, it pax.; in explicit approach, a dwelme function is
would allow us to oberve the actual transport introduced with a linear rate of 2 secs/pass.

network performance and its implications for To analyse the incorporation of passenger
passengersbo travel |l ing overcrowvding i effents m the® samgle netwotkwd r k
capacity constraints are modelled in aerplicit  distinct modelling approaches were included, i.e. the
approachi i.e. with strict deniabf-boarding and implicit approach (PTV VISUM) and the explicit
arising queuing phenomena occurringstops if approach (BusMezzo) to mdieg the capacity
passenger flows exceed the system capacitythend constraints

Explicit capacity constraints in BusMezzo algorithm:
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' i Wal}::gi‘t.]:et@le
path search ——————— easions
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E vol... Coo DECISIONS %
. : P g
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on-board LEE ble to board? ]
g | o O £
¥ g / N 3

BOARD

T DENIAL-OF
DEPARTURE
ACTION CHOICE - -

residual queue
¢ fvrn.m

OUTPUT
PuT network loads

\j

Dwell-time formula:

| t. =2 [secs/pass] * (Vol, + Vol ;) |

Fig. 10. Explicit capacity constraints' algtrm assumptions in simulations
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For both of these, 4 individual-D demand cases
were assigned which should reflect the risind>O

Mo d e |

ing

t he

public

demand conditions in the following stages:

- undersaturated conditions (1600 pax./hour

ALOWO congestion

case)

ti

mes i
case)
(Fig. 12). These changes in journey times are pretty

transport

to

ncrease
just

caipaes t§

mi

cons:t

relatively more limited impact on output netkor

performance: in aggregate terms, average journey
from 21. 7 1

24. 3

ns (n

- saturatechetwork state (3200 pax./hourfi M1 D 6 much minimal and can be merely attributed to the
relative shifts in GD path choices (i.e. paths with
overcrowded longer invehicle travel times become somewhat

congestion case),
- moderately

conditions (6400 pax./hotirfi HI GH O
and 16000 pax./houi
congestion case).

case,

initial 3 line segments (L1, L2 and L5) departing consequence of

minutes: service supply is generated during thgl i L OWoe stoingn
whole 120 minutes, whereas passengemand is

and

massively

inv.

C 0 n gmaresattractiva), but they do not reflect any changes
H | GriHwaiting times- which remain virtually constant

(or even decrease slightly) in the event of massive
These respective O demand values correspond passenger congestion. This stands in stark contrast
roughly to 50% 100%, 200% and 500% of t o t
generated line capacity (per hour) combined formuch more significant changes in travel times: as a
congestion,
from the origin. Total simulation run time is 120 average journey times increase from 31.4 mins

he expl

icit

rising passenger

case)

constrai

to

nt

63.7

congestion case). Here, the averagesahicle travel

assigned after initial 30 minutes and is generatedimes remain constant, but a significant surge in

within the next 60 minutes.

that both modelling approaches produce differentevidently captured bthe explicit algorithm: as @

assignment output as a consequerfcesing O-D

(described

above)

category

of

waiting times takes place now due to congestion
Simulations performed on a sample network reveainduced queuing phenomena at stops, which are

demand volume exceeds the system capacity, a
passenger volumes, with respect to each individuatising share of passengers is denied the boarding and
passengebecomes increasingly delayed as they try to reach
overcrowding effects. Starting with the inclusion of the destination.
physical capacity limits, the implicit approach has
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Fig. 11 SpiessFlorian extended network (SF ENetppology of sample bus transport network used in
simulation works (source: Fonzone and Schmoecker, 2015).
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Fig. 12. Simulation result$ substantial differences in mean journey times between the explicit afidiim
algorithms

In the implicit approach, the effects of arising reach the destination successfully and the whele O
congestion are described by the travel cost penalt{p demand volume would be redistributed within the
imposed by the SBB function: it reflects the whole 2hour simulation period to earlier or later
travell ersdé will i rr@wmded sdepaduresdvenfiftit implies aaluchao-cdpacisy s
connecions, but does not account for strict denial ratio values reaching up to 500% on individual line
of-boarding: in the end, 100% of travellers will segments (Fig. 13).
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Fig. 13 Resultsi differences in origin segments' (L1, L2 and L5) Vol/Cap ratigdotted against the
generated line capacity threshold
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In contrast, in the explicit approach a strict denial i and therefore, the exact travel time values should
of-boarding principle is observed for every not be interpreted in absolute terms (e.g. in
additional passenger beyond the capacity limit:comparison to macroscopimsed algorithm) but
volumeto-capacity ratio will never exceed 100%, rather used to observe relative changes as a
and travellers would have to wait for the ensuingconsequence of system overcrowding. This is also
service rus which will have spare eboard the reason behind a naero failureto-arrive
capacity. Consequently, the probabidirarrival at  probability rate (at the destination) even in low
the destination decreases sharply as overcrowdingongestion scenarios; in higher congestion levels,
devel ops in the SF EN ethe:addifionat riseB H Iths rdbabdity chte darv be
HI GHO congestion cases, drdct %atmbued 7td %heo fimplicatiang e df | er s
respectively will not mad it to the destination after overcrowdinginduced phenomena.
120 minutes of simulation run time, and will still A major difference in the assignment output
remain stranded somewhere in the network (Figconcerns the replication of demasdpply
14). interactions, i.e. the feedback effect between
passenger congestion and service performance. This
camot be captured within the implicit approach,
where both service run times and dwell times remain
— unaffected despite the passenger overcrowding
regardless of all the simulation cases. However, it is
of utmost importance in case of explicit approach,
where mutual dynamic developments-gaing in

the congested network have profound implications
both on the demand (passe

origin demand share [%]

(servicesd) side. A signif
can be evidently observed for individual vehicle
runs as passeger boarding and alighting flows
Low MID HIGH V. HiGH increase at the stops, which result in up to 50%
longer total run times of bus trips in the SF ENet.
Fig. 14. Results rising failureto-arrive probability ~ The demangupply feedback loop is perhaps best
at the destination in the explicit approach, demonstrated when plotting dwelling flows against
as a consequenced @ncreasing network service headways for ceacutive vehicle runs (Fig.
congestion 15): it shows that service headways are likely to
deviate from their nominal values when fluctuations
An important remark regarding the mesoscepic in dwelling flows grow higher. Importantly, the
based (explicit) algorithm performance should bebiggest headway deviation values are correlated not
made here, which is related to distinct assumptionsvith the extreme demand wwitude - but
utilised in the probabilistic discrete choice principally with theextreme demand variancthe
algorithm. Each time (i.e. ataeh instance) the bi ggest #@Abumpso in |line h
traveller makes a travel decision, each alternativehgyi t h t he hi ghest f@Abumpso i
(she) considers in the-D choice set is described a characteristic feature of the-gning bus bunching
with a nonzero probabilityi thus, he (she) willnost  effect (described above), which in ghiy
likely 7 but not necessarilyf choose the €D overcrowded simulation <ca
alternative with the highestility value. Simulation H| GH o cases) b esgstimirgs a
works assumed a default MNtheta parameter phenomenon, reflecting that the network
value of 0.50° which should be in practice properly performance falls out of stability statand will only
calibrated (i.e. most likely, increased) to match thediminish in the final 30 minutes of simulation period
expected probability rate of rational choice once GD demandgeneration ceases and the SF
behaviour. This comprises a signéittly distinct ENet finally Arecoverso fr
feature of mesoscopitased algorithm assumptions
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EXPLICIT constraints - impact of dwell times (L5, V. HIGH demand case)
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EXPLICIT constraints - demand-supply feedback (L5, V. HIGH demand case)
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Fig. 15. Results- mutual demandupply interactions captured in the explicit approach: sample effects on
service run times (top) up to 50% longer service times, and headway deviations (bottom), induced
by passenger flows

The differences in the observable assignment outpusupply feedback interactiofior higher congestion

can be attributed to the assumed aggregation levelases, the rising bus bunching effect eventually
within the simulation algorithm. The implicit inducesa@ipassenger bunwthh®ngo
approach operates on a macroscopic level, wher® demand arrivals becoming more concentrated
transport demand and transport supply systemscahibunc hed o) due to syste
only be traced iterms of aggregate flows and link (Fig. 16).

segments for the whole assignment period: a moré&inally, distribution of path choe patterns also
exact examination of s eekposes substantial diffeienoes sbétweerr thej toau r
timesd distribution i s assgrimenp agorghms, lasseew iort thei eramplehoé
of this algorithm, and output network performance path choice shares between 3 line segments at the
is principally meagrable with average (aggregate) origin (L1, L2 and L5) (Fig. 17). In the implicit
indicator rates. The explicit approach assumes approach, the path choice formula refledte

more disaggregate representation both on theliscomfort cost penalty already for low and
demand as well as the supply side, and thus enablesoderate crowding conditions. Thus, a substantial

to observe much more detailed output for eachshift can be observed when congestion rises from the
individual component of the traport systeni i.e. i L OWO t o t he fi MD Ddémand a s e
journey times of individual travellers, and service becomes pretty much equally distributed between
run times of individual vehicle runs. This allows us the 3 segmentsnd for each of them the volure

to reproduce an interesting passenger arrival patternapacity ratio stabilises between 46% to 52%.

at the destination, which also mimics the demand

23



Arkadiusz Drabicki Rafag Kucharski, Andr zej Szar at a
Model ling the public transport caipaest§ const

Fig. 16. Results- implications of demandupply feedback in the explicit approach: fluctuations in service
performance (bus bunching) eventually influence the overall pass. arrival ("pass. bunching") pattern
at the destination.

Fig. 17 Results arising differences in path choice at the origin between the implicit (top) and explicit
(bottom) approaches

However, for further ( @dtilibBumd solationd thefi svhalscatel SE HEGlgt
congestion cases no consistent path choice pattemmith its simple topology becomes simply a few times
can be déved or explained: the ® demand shares more overloaded thdts generated capacity rate. In
alternately jump up or drop down, suggesting thatthe explicit approach, no discomfort cost penalty
the network output could not reach a stablewas included in the path cost formula yet, and the
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